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Passive diastolic properties of the left ventricle were deter- 
mined in 10 control subjects and 12 patients with dilated 
cardiomyopathy. Simultaneous left ventricular angiogra- 
phy and high fidelity pressure measurements were per- 
formed in all patients. Left ventricular chamber stiffness 
was calculated from left ventricular pressure-volume and 
myocardial stiffness from left ventricular stress-strain rela- 
tions with use of a viscoelastic model. 
Patients with dilated cardiomyopathy were classified 
into two groups according to the diastolic constant of 
myocardial stiffness (/3). Group 1 consisted of seven pa- 
tients with a normal constant of myocardial stiffness ~9.6 
(normal range 2.2 to 9.6) and group 2 of 5 patients with a 
p >9.6. Structural abnormalities (percent interstitial fi- 
brosis, fibrous content) in patients with dilated cardiomy- 
opathy were assessed by morphometry from right ventric- 
ular endomyocardial biopsies. 
Heart rate was similar in the three groups. Left ventric- 
ular end-diastolic pressure was significantly greater in 
patients with cardiomyopathy (18 mm Hg in group 1 and 22 
mm Hg in group 2) than in the control patients (10 mm Hg). 
Left ventricular ejection fraction was significantly lower in 
groups 1 (37%) and 2 (36%) than in the control patients 
(66%). Left ventricular muscle mass index was significantly 
Dilated cardiomyopathy is characterized by depressed sys- 
tolic function and chamber dilation with or without conges- 
tive heart failure (l-4). Histologic findings are myocardial 
fiber hypertrophy, myofibrillar lysis. nuclear changes, vac- 
uolization of myocardial fibers and interstitial fibrosis of the 
myocardium (5). Although these findings are not specific for 
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increased in both groups with cardiomyopathy. The con- 
stant of chamber stiffness (p*) was slightly although not 
significantly greater in groups 1 and 2 (0.58 and 0.58, 
respectively) than in the control group (0.35). The constant 
of myocardial stiffness fi was normal in group 1 (7.0; 
control group 6.9, p = NS) but was signiticantly increased 
in group 2 (23.5). Interstitial fibrosis was 19% in group 1 
and 43% (p < 0.001) in group 2 (normal ~10%). There 
was an exponential relation between both diastolic constant 
of myocardial stiffness (/I?) and interstitial fibrosis (IF) (r = 
0.95; p < 0.001) and /3 aud fibrous content divided by 
end-diastolic volume index (r = 0.93; p < 0.001). 
It is concluded that myocardial stiffness can be normal 
in patients with dilated cardiomyopathy despite severely 
depressed systolic function. Structural alterations of the 
myocardium with increased amounts of fibrous tissue are 
probably responsible for the observed changes in passive 
elastic properties of the myocardium in patients with di- 
lated cardiomyopathy. The constant of myocardial stiffness 
(8) helps to identify patients with severe structural alter- 
ations (group 2), representing possibly a more advanced 
stage of the disease. 
(J Am Co11 Cardiol1989;14:613-23) 
dilated cardiomyopathy, several investigators (S-9) have 
found a significant correlation between systolic function 
variables and structural alterations. Abnormalities of left 
ventricular diastolic properties such as impaired left ventric- 
ular relaxation and reduced diastolic compliance have been 
reported (l&IS) in patients with dilated cardiomyopathy, 
but correlations between passive elastic properties and myo- 
cardial structure have not been evaluated to date. 
Methods 
Study patients. Twenty-two patients, 5 women and 17 
men with a mean age of 41 years (range 22 to 63) underwent 
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cardiac catheterization for diagnostic purposes. Ten of the 
patients with normal ventricular function and no coronary 
artery disease served as control subjects: all 10 had under- 
gone catheterization because of atypical chest pain for 
exclusion of coronary artery disease. Twelve patients had 
dilated cardiomyopathy. These patients were classified into 
two groups: group 1 consisted of seven patients with normal 
myocardial stiffness and group two consisted of five patients 
with increased myocardial stiffness. None of the 12 patients 
with dilated cardiomyopathy had mitral insufficiency, left 
ventricular bundle branch block or regional abnormality of 
the left ventricular wall motion; all had normal coronary 
arteries. 
Cardiac catheterization. Right and left heart catheteriza- 
tion was performed in all 22 patients in the fasting state. 
Informed consent was obtained from all patients. Bifemoral 
catheterization was performed according to a protocol that 
was approved earlier by the local ethical committee of the 
University of Bari. Premeditation consisted of 10 mg of 
chlordiazepoxide given orally 1 h before the procedure. All 
medications were withheld for ~72 h before the procedure. 
Four of the 10 normal subjects were being treated with 
nitrates, 3 with a beta-blocker and 4 with a calcium antago- 
nist. All 12 patients with cardiomyopathy were being treated 
with digitalis and diuretics, and 7 patients were receiving 
amiodarone , 
Standard pressure measurements were performed with 
use of an 8F pigtail-catheter, which was introduced from the 
right femoral artery. All pressure tracings were recorded on 
an oscillograph (Electronics for Medicine VR-12) at a paper 
speed of 200 mm/s. When the diagnostic part of the cathe- 
terization procedure was completed, a 5F micromanometer 
catheter (Millar Instruments, Inc.) was introduced into the 
left ventricle percutaneously through the left femoral artery. 
The micromanometer was calibrated by superimposing the 
micromanometer tracing with the conventional pressure 
tracing that was obtained by the 8F pigtail-catheter. The 
pigtail-catheter was introduced into the left ventricle percu- 
taneously through the right femoral artery and was used for 
left ventricular angiography to avoid interference with the 
high fidelity pressure recordings (19). Biplane left ventricu- 
lography was performed simultaneously with the high fi- 
delity pressure recordings in the 30” right anterior and 60” left 
anterior oblique projections at a frame rate of 50 frames/s in 
all 22 patients. Left ventricular volume analysis was per- 
formed during the first three adequately opacified sinus 
beats, excluding premature complexes and the first subse- 
quent sinus beats. Left ventricular volumes were determined 
frame by frame for one cardiac cycle with use of the 
area-length method (20). End-diastole was defined as the 
beginning of the rapid rise of left ventricular pressure imme- 
diately after the onset of the QRS complex. Left ventricular 
muscle mass was calculated according to the formula of 
Rackley et al. (21). 
After left ventricular angiography, selective coronary 
arteriography was performed by means of the Judkins tech- 
nique. All 22 patients had normal coronary arteries. At the 
end of the catheterization procedure, a right ventricular 
angiogram in the 20” right anterior oblique projection was 
performed in patients with dilated cardiomyopathy for visu- 
alization of right ventricular geometry to minimize the risk of 
ventricular perforation during myocardial biopsy. 
Endomyocardial biopsy. Right ventricular biopsy was 
carried out with a King’s College-bioptome (22), which was 
introduced into the right ventricle through a 9F Mullins- 
sheath. The indication for myocardial biopsy was the exclu- 
sion of secondary causes of myocardial disease, such as 
myocarditis, storage disease, amyloidosis. From each pa- 
tient, four to six specimens were obtained from the right 
ventricular septum. Immediately after the biopsy, the mate- 
rial was fixed in glutaraldehyde for light microscopic exam- 
ination (semithin sections = 5 IL) (Fig. 1). There were no 
complications in any of the 22 patients. 
Morphometric analysis. Quantitative evaluation of right 
ventricular biopsy specimens was carried out by morphom- 
etry. The extent of interstitial fibrosis was evaluated by the 
point-counting system (23). A special ocular with a grid 
providing 100 intersection points was used to determine the 
amount of fibrous tissue; more precisely the amount of 
nonmuscular tissue was evaluated by counting the number of 
points overlying interstitial tissue. To term this nonmuscular 
interstitial tissue “interstitial fibrosis” is somewhat incorrect 
but, because fibrous tissue is the predominant component of 
the interstitial space, the term “fibrosis” was used in this 
context. With this grid, usually 1,000 points were counted 
and the average value for interstitial fibrosis k-1 SD was 
determined in all patients. Fibrous content (FC, pim2) of the 
ventricle was calculated from the following equation: FC = 
LMMI*IF/lOO, where LMMI = left ventricular muscle mass 
index (g/m’) and IF = interstitial fibrosis (%). Although this 
index gives only an estimate of the total amount of fibrous 
tissue of the ventricle, it allows quantitation of the amount of 
fibrous tissue in grams per square meter, which is important 
for interpatient comparisons. 
Quantitative evaluation of endomyocardial biopsy speci- 
mens is limited because only small samples of the myo- 
cardium are obtained; furthermore, it is affected by the 
problems of sampling error and fixation artifact (24-30). 
All biopsy specimens in the present study were taken 
from the right side of the interventricular septum. How- 
ever, other investigators (27-29) have shown that right 
ventricular endomyocardial biopsy samples are equivalent 
to those obtained from the left ventricle and that morpho- 
logic changes in the right and left ventricular myocardium 
are more or less uniformly distributed in patients with dilated 
cardiomyopathy. Contraction bands and mechanical disrup- 
tion of tissue architecture were occasionally seen and were 
excluded from the areas of analysis. These artifacts were 
JACC Vol. 14, No. 3 
September 1989:613-23 
Figure 1. Photomicrographs of endomyocardial biopsy 
samples (trichrome Mallory-azan stain) from two dif- 
ferent patients with dilated cardiomyopathy. Shown are 
semithin sections at an original magnification x160, 
reduced by 23%. A, Sample from a patient with moder- 
ate interstitial fibrosis (14%) (group I, Patient 7). B. 
Sample from a patient with severe interstitial fibrosis 
(43%) (group 2, Patient 4). 
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usually located at the border of the tissue sample as a 
result of mechanical injury caused by the biopsy pro- 
cedure (29,3 I). 
Time constant of isovolumetric pressure decay. Pressure 
tracings were digitized for an entire cardiac cycle by an 
eiectronic digitizer interfaced to a Hewlett-Packard com- 
puter (Vectra). Left ventricular pressure and its first deriv- 
ative (dP/dt) were determined every 3 to 10 ms depending on 
the individual heart rate (each cycle was divided into 130 
time intervals). The time constant of relaxation (T [ms]) was 
calculated as the negative reciprocal of the slope of the linear 
regression of pressure and dP/dt coordinates during isovolu- 
mic relaxation (32). The isovolumic relaxation period was 
defined as the interval from peak negative dP/dt to the time 
when pressure had fallen to 5 mm Hg above left ventricular 
end-diastolic pressure (33). The time constant T was calcu- 
lated according to the following equation (34,35): P = 
P,,.eCtiT + Pa, where P,, = the pressure at maximal negative 
dP/dt (mm Hg), t = the time of the lowest diastolic pressure 
after maximal negative dP/dt (ms), T = the time constant of 
isovolumic pressure decay (ms) and P, = pressure intercept 
at dP/dt = 0 (mm Hg). 
Diastolic filling. Because left atria1 pressure was not 
measured directly in the present study, mitral valve opening 
pressure was taken as the left ventricular pressure recorded 
when unopacified blood first entered the ventricle (36). The 
beginning of diastolic filling was assumed to be 20 ms before 
the first frame showing the entry of unopacified blood into 
the left ventricle (36). The time interval from the beginning of 
diastolic filling to end-diastole was termed “left ventricular 
filling time” (A t Is]). Instantaneous diastolic filling rates 
were calculated every 20 ms after mitral valve opening. Raw 
data were smoothed with the fifth-grade moving average to 
minimize errors due to random noise (37). Mean filling 
rate (ZFR [ml/m’ per s]) was obtained as follows: GFR = 
W/A t, where SV = stroke volume index (ml/m*). 
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Figure 2. Left ventricular diastolic pressure-volume (left) and 
stress-strain (right) relation in a control patient (circle) and in a 
patient with dilated cardiomyopathy of group I (square) and group 2 
(triangle). The pressure and stress data (y axis) are corrected for 
viscous intluences: P - s*.dVn/dt and S - o.dJdt. respectively. 
The pressure-volume relations (left) show only minimal differences 
among the three patients. The stress-strain relations (right) of the 
same three patients clearly differentiate between the patient from 
group 2 (= increased muscle stiffness) and patients from the other 
two groups (= normal muscle stiffness). P = left ventricular diastolic 
pressure; q* = constant of chamber viscosity; Vn = left ventricular 
diastolic normalized volume: dVn/dt = normalized inflow rate: S = 
left ventricular circumferential wall stress; 17 = constant of myocar- 
dial viscosity; de/dt = left ventricular strain rate; e = left ventricular 
midwall strain. 
Passive Elastic Properties 
Left ventricular chamber stiffness: (Fig. 2). This was 
calculated from the instantaneous left ventricular pressure- 
volume relation during passive diastolic filling (from the 
lowest diastolic pressure to end-diastole). Pressure and 
volume data were fitted to a simple elastic and a viscoelastic 
pressure-volume model. The viscoelastic model (r = 0.94 f 
0.05) showed a significantly better curve fit than that of the 
simple elastic model (r = 0.92 f 0.06; p < 0.05). Therefore, 
only the data for the viscoelastic model are reported in this 
study. 
The following equation was used to calculate chamber 
sti$ness (0) (15,16,38,39): 
P = a*.eP*Vn + v*,dVn/dt, 
where P = left ventricular pressure (mm Hg); a* = pressure 
intercept (mm Hg); e = base of natural logarithm; $ = 
constant of the left ventricular chamber stiffness; T* = 
constant of chamber viscosity (mm Hg.s); Vn = normalized 
left ventricular volume; dVn/dt = normalized inflow rate 
(s-l). 
Normalized volume was obtained by the following equa- 
tion (40): Vn = V/Vc~lOO, where V = instantaneous left 
ventricular volume (ml) (36,37); and Vc = left ventricular 
volume calculated as the mean diastolic volume between the 
diastolic volume at the time of minimal left ventricular 
pressure and end-diastolic volume (ml). The pressure- 
volume data between the lowest diastolic pressure and 
end-diastole of all patients of each group were averaged and 
plotted as raw data in Figure 3. 
Left ventricular pressure, volume and inflow data from 
the lowest diastolic pressure to end-diastole were entered 
into the computer, and the pressure intercept LY*, the con- 
stant of chamber stiffness p* and the constant of chamber 
viscosity v* were calculated by a linear curve-fitting pro- 
gram after an iteration procedure (Fig. 2) as has been 
described previously (15,16). 
Figure 3. Averaged left ventricular pressure (p)-volume (Vn) rela- 
tions in 10 control patients (circle), 7 group I patients with dilated 
cardiomyopathy and normal myocardial stiffness (square) and in 5 
group 2 patients with dilated cardiomyopathy and increased myo- 
cardial stiffness (triangle). The individual data of all patients are 
averaged between the lowest diastolic and end-diastolic pressures. 
Abbreviations as in Figure 2. 
120 
Vn 
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Left ventricular myocardial stiffness: (Fig. 2). This was 
determined from the instantaneous left ventricular stress- 
strain relation. Initially, a diastolic reference midwall cir- 
cumference at a common wall stress of 1 dyn 103/cm’ (e,) 
was determined and used to normalize left ventricular 
strain to a common preload (16,23,41). This normalization 
procedure is especially important when there is a large 
range in ventricular volumes in patients studied. The refer- 
ence midwall circumference I, was determined from the 
diastolic stress-circumference relation with use of a visco- 
elastic model (23): S = (Y’@” t $,dUdt. where S = left 
ventricular circumferential wall stress (dyne ld/cm2); cr’ = 
stress intercept (dyne 103/cmZ); e = base of the natural 
logarithm: p’ = slope of the stress-circumference relation 
(cm-‘); e = midwall circumference (cm); 7’ = constant of 
viscosity (dyne&m3); dUdt = left ventricular midwall 
lengthening rate (cm/s). 
Left ventricular circumferential wall stress (5) was calcu- 
lated according to the equation qf Mirsky et al. (42): S = 
(Pb)/h {I - hi2b - b2/2a2}, where P = left ventricular 
pressure (mm Hg); h = instantaneous left ventricular wall 
thickness (cm), which was calculated according to the tech- 
nique of Hugenholtz et al. (43) assuming left ventricular 
muscle mass to be constant during diastolic filling; a = 
midwall semimajor axis (cm): and b = midwall semiminor 
axis (cm). Calculation of the three viscoelastic constants a’. 
/?’ and 7’ was carried out by a linear regression analysis as 
mentioned earlier (15,16). 
Lqji ventricular midwall strain (E) was calculated accord- 
ing to the natural strain definition (41): c = In e/P,. where Z, 
= left ventricular midwall circumference at a common wall 
stress of 1 dyne 103/cm2. 
In a second step, left ventricular myocardial stifiness was 
determined by a viscoelastic stress-strain relation: S = 
wfse t q.d$dt, where (Y = stress intercept (dyn 103/cm’); 
e = base of the natural logarithm; p = constant of the left 
ventricular myocardial stiffness; 17 = constant of myocardial 
viscosity (dyn 103&mz); d$dt = left ventricular strain rate 
(s-l). The stress-strain data of all patients of each group 
were averaged and plotted as raw data in Figure 4. 
The three variables (Y, p and 7 were determined by an 
iteration procedure (Fig. 2) with use of a linear regression 
analysis between stress and strain from the lowest diastolic 
pressure to end-diastole. 
Statistical analysis. Statistical comparisons among the 
three groups (control group and groups 1 and 2) were carried 
out by a one-way analysis of variance. If the analysis was 
significant, the Neuman-Keuls procedure was applied. Mor- 
phometric data were compared between the two groups with 
dilated cardiomyopathy with use of an unpaired t test. In all 
tables, mean values ? 1 SD and in all figures mean values k 
1 SEM of the mean are reported. 
Figure 4. Averaged left ventricular &e&)-strain (t) relations in 
10 control patients (circle). 7 group 1 patients with dilated cardio- 
myopathy and normal myocardial stiffness (square) and 5 group 2 
patients with dilated cardiomyopathy and increased myocardial 
stiffness (triangle). The individual data of all patients are averaged 
between the lowest and end-diastolic pressures. Abbreviations as in 
Figure 2. 
Results 
Clinical data (Table 1). There were no significant differ- 
ences with respect to age, gender or body surface area in the 
three groups. The mean functional class (New York Heart 
Association) was significantly (p < 0.001) higher in patients 
with dilated cardiomyopathy than in control subjects. Dys- 
pnea on exertion was present in all I2 patients with dilated 
cardiomyopathy. 
Hemodynamic data (Table 2). Heart rate, left ventricular 
peak systolic pressure, right ventricular end-diastolic and 
peak systolic pressure were not significantly different among 
the three groups. Left ventricular end-diastolic pressure, 
Table 1. Clinical Data in 22 Patients 
GKXtp 
A& 
(Yr) 
Gender 
(M/F) 
BSA NYHA 
(m’) Class 
Control (n = IO) 
Mean 40 9/l 1 .-I5 1.2 
i SD 12 0.17 0.4 
Group I (n = 7) 
glean 42 4i3 1.74 2.3 
+ SD 9 0. I6 0.5 
croup 2 tn = 51 
Mean 42 411 1.86 2.6 
2 SD 19 0.11 0.5 
p (I YS. C) NS NS NS $ 
p (1 vs. C) NS NS NS i 
p (I vs. 2) NS NS NS NS 
ip < 0.001. BSA = body surface area; C = control wbjects: I = group I: 
2 = group 2; NYHA = New York Heart Association. 
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Table 2. Hemodynamic Data in 22 Patients 
Pressures (mm Hg) 
Group 
HR 
(beatslmin) LVEDP LVSP RVEDP RVSP 
s s PBk EF EDVI LMMI 
(dyn &cm’) (dyn Id/cm*) (% (mUm2) (glm2) 
Control (n = IO) 
Mean 
f SD 
Group I (n = 7) 
Mean 
? SD 
Group 2 (n = 5) 
Mean 
+ SD 
p (1 vs. C) 
p (2 vs. C) 
p (1 vs. 2) 
71 
4 
73 
a 
72 
10 
NS 
NS 
NS 
IO 12s 5 25 32 298 66 95 90 
1 15 I 4 12 51 5 21 14 
18 128 6 27 87 412 31 159 119 
4 16 2 4 47 111 9 19 25 
22 122 7 29 131 
3 17 3 7 63 
$ NS NS NS * 
f NS NS NS + 
NS NS NS NS * 
498 
92 
36 239 146 
8 78 35 
$ * NS 
$ $ * 
NS * * 
*p < 0.0s; $p < 0.001. EDVI = left ventricular end-diastolic volume index (ml/m’); EF = left ventricular ejection fraction; HR = heart rate; LMMI = left 
ventricular muscle mass index; LVEDP = left ventricular end-diastolic pressure; LVSP = left ventricular peak systolic pressure: RVEDP = right ventricular 
end-diastolic pressure; RVSP = right ventricular peak systolic pressure; S, = left ventricular end-diastolic wall stress; SWeaL = left ventricular peak systolic wall 
stress; other abbreviations as in Table I. 
however, was significantly (p < 0.001) higher in the two 
groups with cardiomyopathy than in the control group. Left 
ventricular end-diastolic wall stress was significantly greater 
in group 2 (abnormal myocardial stiffness) than in group I 
(normal myocardial stiffness) (p < 0.05) or the control group 
(p < 0.001). End-diastolic wall stress was also significantly 
(p < 0.05) higher in group 1 than in the control group. Left 
ventricular peak systolic wall stress was significantly (p < 
0.001) greater in patients with dilated cardiomyopathy than 
in control subjects, whereas it did not differ between groups 
1 and 2. Left ventricular ejection fraction was significantly 
(p < 0.001) lower in patients with dilated cardiomyopathy 
than in control subjects but did not differ between groups 1 
and 2. Left ventricular end-diastolic volume index was 
significantly greater in group 2 than in group 1 (p < 0.05) or 
the control group (p < 0.001) and was also significantly (p < 
0.05) higher in group 1 than in the control group. Left 
ventricular muscle mass index was significantly (p < 0.05) 
increased only in group 2 compared with the value in the 
control subjects. 
LetI ventricular relaxation (Table 3). The time constant of 
left ventricular relaxation (T) was significantly (p < 0.001) 
greater in patients with dilated cardiomyopathy than in the 
control group. T, however, was significantly (p < 0.001) 
larger in group 2 than in group 1. The pressure intercept (Pa) 
did not differ significantly between control group and group 
1 but was significantly larger in group 2 than in the control 
group (p < 0.001) or group 1 (p < 0.05). Mean filling rate was 
significantly (p < 0.05) reduced in patients with dilated 
cardiomyopathy (groups 1 and 2) compared with the value in 
the control group. 
Left ventricular chamber stiffness. The averaged pres- 
sure-volume relations of all three groups are presented in 
Figure 3. The calculated stiffness variables showed no sig- 
nificant differences for the pressure intercept (a*) and the 
constant of chamber stiiness @I*). However, the constant of 
chamber viscosity (q*) was significantly (p < 0.05) higher in 
patients with dilated cardiomyopathy than in control sub- 
jects. 
Left ventricular myocardial stiffness. The averaged 
stress-strain relations of all three groups are presented in 
Figure 4. The calculated stiffness variables are summarized 
in Table 4. The reference midwall circumference (e,) was 
significantly (p < 0.001) increased in group 2 compared with 
group I or the control group. The stress intercept of the 
stress-strain relation was similar in all three groups, whereas 
the constant of myocardial stiffness (p) was significantly 
increased in group 2 compared with group 1 (p < 0.01) or the 
control group (p < 0.001). These differences are due to the 
fact that patients with an increased constant of myocardial 
stiffness (p) were assigned by definition to group 2. The 
mean value for the constant of myocardiil viscosity (r() did 
not differ between control patients and group 1 patients but 
was significantly higher in group 2 than in group 1 (p < 0.01) 
or the control group (p < 0.001). 
Morpbometric data (Table 5). Interstitial fibrosis, the 
total amount of fibrous tissue as well as fibrous content/ 
end-diastolic volume index ratio were significantly larger in 
group 2 than in group 1. 
Correlations between constant of myocardii stiffness (8), 
morphometric variables and left ventricular function (Table 
6). The correlation coefficients were generally better for the 
JACC Vol. 14, No. 3 
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Table 3. Diastolic Function Data (diastolic function) function variables as ejection fraction and end-diastolic 
T Ptl ~FR volume index. However, no significant correlation was 
Group (ms) (mm Hg) (ml/m? per s) found between T and p. 
Control 
1 
2 
3 
4 
6 
8 
9 
10 
2 SD 
Group I 
4 
6 
Mean 
% SD 
Group 2 
2 
4 
Mean 
i SD 
p (1 vs. C) 
p (2 vs. C) 
p (1 vs. 2) 
60 
50 
43 
62 
49 
53 
67 
47 
52 
51 
53 
78 - 14.6 0.250 
72 -4.5 0.212 
76 - 14.0 0.210 
15 -8.4 0.146 
83 -8.5 0.242 
69 -2.1 0.227 
63 -7.2 0.190 
74 -8.5 0.211 
6 4.4 O.UJS 
126 -16.2 
108 - 17.6 
117 12.5 
136 -12.3 
101 - 16.5 
118 -15.0 
14 2.4 
-1.7 0.212 
-8.4 0.289 
-7.0 0.278 
-1.4 0.297 
-6.7 0.264 
-5.3 0.200 
-7.2 0.297 
-6.3 0.273 
-2.3 0.253 
-1.8 0.260 
-4.8 0.262 
2.7 0.033 
NS 
0.187 
0.187 
0 254 
0.205 
0.187 
0.2@4 
0.029 
NS 
*p < 0.05; $p < 0.01. iiiFR = mean filling rate; P, = pressure Intercept at 
dP/dt = 0; T = time constant of left ventricular relaxation; other abbreviations 
as in Table I. 
exponential than for the linear relation between /3 and 
different variables. There were significant correlations be- 
tween the natural logarithm of the constant of myocardial 
stiffness (/3) and interstitial fibrosis, fibrous content and 
fibrous content/end-diastolic volume index ratio but not 
between myocardial viscosity-myocardial stiffness (I@) and 
muscle mass, ejection fraction or heart rate. A weak but 
significant correlation existed between Infl and end-diastolic 
volume and left ventricular end-diastolic pressure. Similar, 
although poorer correlation coefficients were observed be- 
tween the constant of myocardial viscosity (7) and the same 
variables as with the constant of myocardiai stiffness (p). 
There were no correlations between the stress intercept (a) 
and the mentioned variables. There was a linear relation 
between the time constant of relaxation (T) and such systolic 
Discussion 
The prognosis in patients with dilated cardiomyopathy is 
usually poor and the clinical course is characterized by a 
progressive deterioration of cardiac function (1,3,4,5.7,8,26- 
28). Systolic pump failure has been found to be the major 
hemodynamic determinant for clinical outcome and progno- 
sis. However, not only reduced systolic function variables, 
but also alterations in passive elastic properties have been 
reported (10-18). Several investigators (S-9,2628,30) have 
shown that structural alterations of the myocardium corre- 
late with hemodynamic findings in patients with dilated 
cardiomyopathy. The best correlations were observed be- 
tween the ejection fraction and either the volume fraction of 
myofibrils, interstitial fibrosis or muscle fiber diameter (6,7). 
Because structural alterations of the myocardium are accom- 
panied by abnormal passive elastic properties (16,23), the 
purpose of this study was to evaluate passive elastic prop- 
erties of the left ventricle in 12 patients with dilated cardio- 
myopathy and to compare these data to the morphologic 
findings obtained from right ventricular endomyocardial 
biopsy. 
Passive elastic properties in dilated cardiomyopathy. Left 
ventricular diastolic function (12,16,23,38,41,44) was 
evaluated by a viscoelastic pressure-volume (chamber 
properties) and stress-strain relation (myocardial proper- 
ties). The differentiation between chamber and myocardial 
properties is important because chamber properties are 
dependent on the size and geometry of the left ventricle, 
whereas myocardidl properties reflect the mechanical prop- 
erties of the myocardium itself (23). A viscoelastic model for 
the determination of chamber and myocardial stiffness was 
used because it has been demonstrated that the diastolic 
stress-strain relation is characterized more adequately by a 
viscoelastic than by a simple elastic relation with a monoex- 
ponential curve fit (15.16,23,38). Viscous properties play a 
particularly important role during filling rate-dependent early 
diastole, but are negligible at low filling rates during mid- and 
late diastole (15,16,23). In chronically instrumented dogs, it 
was shown (39) that the viscous properties are both filling 
rate- and length-dependent, which means that viscous influ- 
ences are more prominent in larger ventricles at high filling 
rates. Our present data confirm this finding because the 
viscous constant was small in the control patients despite 
high filling rates, but was high in patients with dilated 
cardiomyopathy despite low filling rates (Tables 3 and 4). 
Therefore, for the correct assessment of left ventricular 
diastolic properties, the viscous influences have to be taken 
into consideration. 
The stz;tfness of an elastic material is proportional to the 
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Table 4. Left Ventricular Chamber and Myocardial Stiffness Data 
Chamber Stiffness Myocardial Stiffness 
‘)* c, 
GIOW (mZHg) B1 (mm Ws) (cm) (dyne l~sicmz~ fi (dyne ll?.s/crn’) 
Control 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
+ SD 
0.3 0.13 2.20 15.3 0.8 6.7 0.00 
0.1 0.41 0.90 16.3 0.8 8.4 1.22 
0.4 0.91 0.90 19.0 0.2 7.3 0.79 
0.6 0.21 0.60 15.2 0.6 5.4 0.00 
0.5 0.30 0.00 14.5 0.7 9.6 0.48 
0.7 0.31 0.30 17.5 0.9 2.2 0.00 
0.9 0.23 0.00 16.2 0.9 9.5 1.36 
0.8 0.56 1.00 19.3 0.9 8.3 0.98 
0.6 0.19 0.00 20.2 0.9 3.0 0.00 
0.9 0.20 0.00 21.0 0.9 8.6 0.00 
0.6 0.35 0.59 17.4 0.8 6.9 0.48 
0.3 0.24 0.70 2.3 0.2 2.6 0.56 
Group 1 
1 
2 
3 
4 
5 
6 
I 
Mean 
2 SD 
0.2 0.25 0.00 17.6 0.9 6.5 0.00 
0.7 0.62 10.00 15.3 0.9 8.8 1.80 
0.3 0.52 22.40 20.3 0.4 5.4 0.33 
0.2 0.52 0.00 16.4 0.9 8.3 0.00 
0.2 0.99 18.80 22.2 0.6 9.3 0.98 
0.6 0.59 3.10 18.6 0.7 7.4 2.17 
0.2 0.58 4.70 18.8 0.9 3.6 3.51 
0.3 0.58 8.43 18.4 0.8 7.0 1.26 
0.2 0.22 9.03 2.3 0.2 2.0 1.31 
Group 2 
1 
2 
3 
4 
5 
Mean 
f SD 
0.6 0.60 15.50 23.3 0.9 17.8 3.53 
0.6 0.32 7.40 22.7 0.7 17.3 2.12 
0.1 0.79 4.50 23.3 0.1 44.6 10.54 
0.8 0.78 11.80 20.1 0.6 26.2 7.02 
0.6 0.41 0.00 25.2 0.9 Il.8 3.86 
0.5 0.58 7.84 23.0 0.6 23.5 5.41 
0.3 0.21 6.06 1.8 0.3 12.8 3.37 
p (1 vs. C) NS NS * NS NS NS NS 
p (2 vs. C) NS NS * t NS t i 
p (1 YS. 2) NS NS NS t NS 3 $ 
*p < 0.05; tp < 0.01; Sp < 0.001. a* = pressure intercept of the pressure-volume relation; $ = constant of 
chamber stiffness; q* = constant of chamber viscosity; 0 l = reference midwall circumference at a common wall 
stress of 1 dyn ln’/cm*: II = stress intercept of the stress-strain relation: p = constant of myocardial stitfness: 1) = 
constant of myocardial viscosity; other abbreviations as in Table 1, 
slope of its passive length-tension relation (41,44,45). There- volume data that represent a combination of myocardial and 
fore, the constants of left ventricular chamber and myocar- ventricular properties (left ventricular geometry). Systolic 
dial stiffness were used in the present study as measures of function was reduced to a similar degree in both groups, but 
left ventricular chamber and myocardial stiffness. In 5 of the left ventricular end-diastolic volume and left ventricular 
12 patients (group 2) with dilated cardiomyopathy, the muscle mass were significantly increased in group 2 com- 
constant of myocardial stiffness was increased (>9.6, normal pared with group I (Table 2). The time constant of relaxation 
range 2.2-9.6) but was normal in the remaining 7 patients (T) was also significantly larger in group 2 than in group 1 
(group 1). The differences in regard to chamber stiffness (Table 3). Therefore, patients in group 2, in conjunction with 
(Table 4, Fig. 3) were less pronounced than the differences in impaired systolic function, also had abnormal diastolic func- 
myocardial stiffness (Table 4, Fig. 4). This is probably tion, whereas patients in group 1 had impaired systolic 
because structural alterations are better reflected by the function but normal diastolic function. How can these dif- 
normalized stress-strain relations than the global pressure- ferences between the two groups be explained? 
JACC Vol. 14. No. 3 BORTONE ET Al.. 621 
September 1989:613-23 DIASTOLIC STIFFNESS IN DILATED CARDIOMYOPATHY 
Table 5. Ventricular Morphologic Characteristics in 12 Patients Table 6. Correlations Among Diastolic Stiffness Indexes, 
With Dilated Cardiomyopathy Microscopic Structure and Indexes of Left Ventricular Function 
Group 
IF FC FC/EDVI 
(%) WmL) k/ml) 
Group I 
I 
2 
3 
4 
5 
6 
7 
Mean 
k SD 
Group 2 
I 
7 
3 
4 
5 
Mean 
? SD 
P (1 vs. 2) 
16 
17 
14 
22 
31 
20 
14 
19 
6 
42 
41 
59 
43 
32 
43 
9 
* 
16.5 
23.1 
22.5 
23.7 
36.0 
26.0 
11.4 
22.7 
1.7 
58.2 0.211 
69.2 0.224 
101.4 0.390 
69.1 0.288 
28.4 0.265 
65.2 0.276 
26.2 0.071 
0.100 
0.133 
0.132 
0.197 
0.210 
0.158 
0.076 
0.144 
0.048 
*p < 0.001; tp < 0.01. FC = fibrous content (g/m’): FC/EDVI = left 
ventricular fibrous content/left ventncular end-diastolic volume index ratio: 
IF = interstitial fibrosis: other abbreviations as in Table I. 
Diastolic function and myocardial structure. Myocardial 
structure is usually severely altered in patients with dilated 
cardiomyopathy (5,7-9,27-30). Typical findings are muscle 
fiber hypertrophy, interstitial fibrosis, myofibrillar Iysis and 
vacuolization of myocardial fibers (5). Increased amounts of 
interstitial fibrous tissue have been found to be associated 
with increased myocardial stiffness (23). Therefore, the 
constant of myocardial stiffness (p) was correlated with 
various morphologic variables (Table 6). An exponential 
relation was found between the constant of myocardial 
stiffness and interstitial fibrosis, fibrous content and fibrous 
content/end-diastolic volume ratio (Fig. 5, Table 6). A linear 
relation was observed between the constant of myocardial 
viscosity and interstitial fibrosis, fibrous content and fibrous 
content/end-diastolic volume ratio (Table 6). Therefore, the 
constants of myocardial stiffness and viscosity are depen- 
dent on the structure of the myocardium. An increase in 
interstitial fibrosis is associated with an increase in myocar- 
dial stiffness. However, myocardial stiffness is normal up to 
a fibrous content/end-diastolic volume ratio of 0.2 g/ml. 
Stiffness gradually increases when this ratio becomes larger, 
as has been reported previously in patients with aortic valve 
disease (16.23). There was no correlation between the vis- 
coelastic constant of myocardial stiffness and left ventricular 
muscle mass. Therefore, myocardial stiffness appears not to 
be influenced by left ventricular muscle mass itself, but is 
increased in the presence of increased amounts of fibrous 
tissue. 
n r p Value 
p vs. IF 12 0.95 <O.oul 
p vs. FC 12 0.95 <o.oll1 
6 vs. FCiEDVl 12 0.93 <O.oQl 
p vs. LMMI 22 0.19 NS 
p vs. LMMUEDVI 22 0.1’7 NS 
p vs. EDVI 22 0.62 <o.oi 
p vs. LVEDP 22 0.56 <0.05 
p vs. EF 22 -0.16 NS 
/3 vs. HR 22 0.03 NS 
VJ vs. IF 12 0.80 co.01 
lj vs. FC 12 0.79 <O.Ol 
7 vs. FC/EDVI 12 0.78 co.01 
‘I vs. LMMI 22 0.12 NS 
7 vs. LMMI/EDVl 22 0.10 NS 
7 vs. EDVI 22 0.59 <O.Ol 
7 vs. LVEDP 22 0.52 <0.05 
‘I vs. EF 22 0.12 NS 
11 vs. HR 22 0.02 NS 
T vs. EF 22 -0.68 <O.OOl 
T vs. EDVI 22 0.83 <0.001 
T vs. fl 22 0.38 NS 
n = number of patients: r = cot?elation coefficient; other abbreviations as 
in ‘Tables 1 to 5. 
Other determinants that might affect diastolic myocardial 
stiffness and viscosity regardless of the actual amount of 
interstitial fibrosis are inertial properties (46), left ventricular 
relaxation (47). left ventricular cavity shape (48), right ven- 
tricular loading conditions (49), pericardial and pleural pres- 
sure (50) and coronary artery perfusion (51). It has been 
reported (52) that inertial forces play some role during rapid 
left ventricular filling, but seem to contribute little to the 
stress-strain relation itself. Left ventricular relaxation was 
prolonged in our patients with dilated cardiomyopathy, but 
there was no correlation between the constant of myocardial 
stiffness and the time constant of relaxation. The time 
constant was prolonged in both groups with dilated cardio- 
myopathy, whereas myocardial stiffness was normal in 
group I but increased in group 2. Therefore, relaxation 
follows more closely systolic dysfunction because left ven- 
tricular ejection performance is reduced in both groups with 
cardiomyopathy, whereas passive elastic properties are al- 
tered only in the presence of severe structural changes of the 
myocardium (group 2). In fact, there was a reasonably good 
correlation between the time constant T and both left ven- 
tricular ejection fraction and left ventricular end-diastolic 
volume (Table 6). 
Changes in left ventricular shape consequent to right 
ventricular pressure overload might influence left ventricular 
diastolic function, but in our three patient groups, right 
ventricular end-diastolic and peak systolic pressure did not 
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0 GROUP 2 b= 51 4 
Figure 5. Plot of the constant of myocardial stiffness (p) versus the 
left ventricular fibrous content (FC)/end-diastolic volume index 
(EDVI) ratio in 7 group I patients (closed circle) and 5 group 2 
patients (open circle) with dilated cardiomyopathy. Note the expo- 
nential relation between myocardial stiffness and the FUEDVI 
ratio, suggesting that an increase in myocardial stiffness is depen- 
dent on the amount of fibrous tissue per milliliter volume. Myocar- 
dial stiffness is normal up to an FUEDVI ratio of 0.2 g/ml. 
Abbreviations as in Figure 4. 
differ significantly (Table 2). Pericardial and pleural pres- 
sures cannot be measured during cardiac catheterization in 
humans, but no patient had hemodynamic features of peri- 
cardial constriction or emphysema. However, intraoperative 
data have shown (53) that pericardial pressure is propor- 
tional and similar in magnitude to mean right atria1 pressure 
over a wide range. In our patients, mean right atrial pressure 
did not differ significantly among the three groups (5 5 1 mm 
Hg in control subjects, 6 2 2 mm Hg in group 1 and 7 ? 3 mm 
Hg in group 2, respectively). None of the 22 patients had 
signs of acute myocardial ischemia; therefore, it is unlikely 
that changes in coronary artery perfusion influenced dias- 
tolic wall thickness and diastolic myocardial stiffness (51). 
Limitations of the study. Assessment of left ventricular 
diastolic properties requires normalization to a common 
preload because non-normalized data are preload dependent 
and theoretically not valid for interpatient comparisons. 
Therefore, left ventricular volumes were normalized by the 
method of Van de Werf et al. (40). Furthermore, left ven- 
tricular midwall strain was normalized to a common midwall 
circumference at a very low wall stress of 1 dyne 103/cm2 
(=0.8 mm Hg) (16,23). 
A viscoelastic model for the determination of chamber 
and myocardial properties was used in the present analysis, 
because it has been demonstrated (15,16,23,38) that diastolic 
stress-strain relations are characterized more adequately by 
a viscoelastic than by a simple elastic relation due to 
deviations from a monoexponential relation especially dur- 
ing early diastolic filling. 
Conclusions. Structural changes of the myocardium in 
patients with dilated cardiomyopathy are associated with 
changes in left ventricular passive elastic properties. How- 
ever, there is a subgroup of patients who have normal 
myocardial stiffness despite severely depressed systolic 
function. The constant of myocardial stiffness helps to 
identify these patients with severe structural alterations of 
the myocardium, which most likely represent a more ad- 
vanced stage of the disease. 
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